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The nucleocapsid protein (NC) of human immunodeficiency virus type 1 (HIV-1) has two zinc fingers, each
containing the invariant metal ion binding residues CCHC. Recent reports indicate that mutations in the
CCHC motifs are deleterious for reverse transcription in vivo. To identify reverse transcriptase (RT) reactions
affected by such changes, we have probed zinc finger functions in NC-dependent RT-catalyzed HIV-1 minus-
and plus-strand transfer model systems. Our approach was to examine the activities of wild-type NC and a
mutant in which all six cysteine residues were replaced by serine (SSHS NC); this mutation severely disrupts
zinc coordination. We find that the zinc fingers contribute to the role of NC in complete tRNA primer removal
from minus-strand DNA during plus-strand transfer. Annealing of the primer binding site sequences in
plus-strand strong-stop DNA [(1) SSDNA] to its complement in minus-strand acceptor DNA is not dependent
on NC zinc fingers. In contrast, the rate of annealing of the complementary R regions in (2) SSDNA and 3*
viral RNA during minus-strand transfer is approximately eightfold lower when SSHS NC is used in place of
wild-type NC. Moreover, unlike wild-type NC, SSHS NC has only a small stimulatory effect on minus-strand
transfer and is essentially unable to block TAR-induced self-priming from (2) SSDNA. Our results strongly
suggest that NC zinc finger structures are needed to unfold highly structured RNA and DNA strand transfer
intermediates. Thus, it appears that in these cases, zinc finger interactions are important components of NC
nucleic acid chaperone activity.

Reverse transcription, a critical event in the retrovirus life
cycle, consists of a complex series of reactions that culminate in
synthesis of a linear, double-stranded DNA copy of the viral
RNA genome (27; reviewed in references 4 and 14). This
process is catalyzed by the virus-encoded reverse transcriptase
(RT) enzyme. However, it is known that in addition to RT,
host and other viral factors play important roles in viral DNA
synthesis.

One of these accessory factors is the viral nucleocapsid pro-
tein (NC), a small basic, single-stranded nucleic acid binding
protein, which is tightly associated with genomic RNA in the
interior of the mature virus particle (for reviews, see references
14, 16, and 59). Studies on the solution structure of free human
immunodeficiency virus type 1 (HIV-1) NC indicated that this
protein consists of a flexible polypeptide chain and two rigid
zinc-binding domains connected by a short basic peptide linker
(55–57, 67, 69, 70). Recently, De Guzman et al. (19) solved the
three-dimensional nuclear magnetic resonance structure of NC
bound to the SL3 RNA stem-loop in the HIV-1 packaging
signal. They showed that the N-terminal basic residues of NC
in the complex form a helix that binds to the major groove of
the RNA stem largely by nonspecific electrostatic interactions,
whereas the zinc fingers are involved in specific interactions
with the G residues in the GGAG tetraloop (19).

The zinc fingers are in close spatial proximity in the NC
protein (49, 50, 55, 56) and appear to weakly interact with one
another (12, 46, 50, 55, 74). Interestingly, the two zinc fingers
have similar structures (66). However, they do not have equiv-
alent biological activity: in fact, both zinc fingers are required
for HIV-1 replication (22, 30, 32, 34), and the positions of the
two fingers cannot be exchanged (22, 30).

NC proteins exhibit an unusual biochemical activity: they
can act as nucleic acid chaperones, i.e., they catalyze the fold-
ing of nucleic acids into the most thermodynamically stable
structures with the maximal number of base pairs (73; for
reviews, see references 16, 39, and 59). The nucleic acid chap-
erone activity of NC is crucial for achieving highly specific and
efficient viral DNA synthesis, making it possible for RT to copy
structured elements in RNA and DNA templates (24, 36, 40,
42, 44, 48, 78). For example, NC stimulates HIV-1 minus-
strand transfer (2, 8, 17, 18, 20, 36, 42, 58, 61, 79). During this
step, minus-strand strong-stop DNA [(2) SSDNA] is translo-
cated to the 39 end of the viral RNA genome, in a reaction
facilitated by base-pairing of the repeat (R) sequences at the 39
ends of the RNA and DNA reactants (reviewed in reference
72). On the basis of studies performed in the absence of RT,
You and McHenry (79) proposed that the stimulatory effect of
NC on formation of the RNA-DNA hybrid is due to the ability
of NC to unfold the TAR stem-loop structures in the R re-
gions; this, in turn, accelerates the rate of annealing. In sub-
sequent work from our group using a reconstituted HIV-1
minus-strand transfer system (36), we reported that NC has
another, related function: it blocks RT-catalyzed self-priming
reactions induced by the TAR structure. In the absence of NC,
synthesis of self-priming products (SP products or SP DNAs)
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leads to extremely inefficient minus-strand transfer (8, 36)
since SP DNAs are dead-end products (36). (Self-priming has
also been observed by two other groups [44, 48] in the context
of studies on (2) SSDNA synthesis.)

More recently, we developed a reconstituted system that
models the reactions associated with HIV-1 plus-strand trans-
fer (77) and have shown that some of these reactions are also
stimulated by NC (see below). In this system, RT initially
synthesizes plus-strand strong-stop DNA [(1) SSDNA] by
copying the minus-strand sequences in the DNA donor tem-
plate as well as the 18 nucleotides at the 39 end of the tRNA3

Lys

primer covalently attached to the donor; this reconstitutes the
primer binding site (PBS) in (1) SSDNA. In subsequent steps,
the tRNA primer is removed from minus-strand donor DNA
so that the 18-nucleotide (nt) complementary PBS sequences
at the 39 ends of (1) SSDNA and the minus-strand acceptor
DNA template can anneal. As the plus- and minus-strands are
elongated, the donor template is removed by strand displace-
ment. The final product is an 80-bp linear, double-stranded
DNA. (A schematic diagram illustrating these reactions is
given in Fig. 1 in reference 77). We have demonstrated that the
nucleic acid chaperone activity of NC promotes complete
tRNA primer removal and annealing of the PBS sequences
(77). In addition, it has been shown that DNA strand displace-
ment is enhanced by NC (41a).

A major question that has challenged investigators working
on NC concerns the function of the zinc finger structures.
There is extensive evidence from mutational studies indicating
that the zinc fingers are essential for packaging genomic RNA
(reviewed in reference 6). However, there are some mutations
in the NC metal ion binding site (CCHC) that alter the zinc
coordination center and confer a noninfectious phenotype that
cannot be explained by reduced RNA packaging alone (29,
32–34, 51–53, 81). This indicates that the specific native con-
formation induced by the CCHC zinc coordination center is
required for other functions in addition to viral RNA encap-
sidation. These functions include integration (10), sequence-
specific nucleic acid binding (7, 15, 19, 26, 54, 68, 75), and
reverse transcription (24, 31, 32, 41a, 60, 62, 71, 78, 80).

In earlier work, we showed that the zinc fingers are impor-
tant for the ability of NC to reduce RT pausing at a stable
stem-loop structure formed by bases in the murine leukemia
virus (MuLV) polypurine tract and downstream nucleotides
(78). An effect of the zinc fingers on extension of the tRNA3

Lys

primer (62) and on elongation of HIV-1 minus-strand DNA
has also been reported (24). Analysis of viral DNA synthesized
by HIV-1 mutant viruses with altered CCHC motifs demon-
strated that it was produced at greatly reduced levels (32, 71).
In a study of a similar class of MuLV mutants, it was shown
that the viral DNA products have severe defects, e.g., degraded
viral DNA termini as well as insertions, deletions, and rear-
rangements in terminal sequences (31). How this phenotype is
generated and what steps in reverse transcription are disrupted
is not known.

One approach to this problem is to determine whether there
is a requirement for the zinc finger structures of NC in well-
defined in vitro RT systems. The reconstituted HIV-1 plus-
and minus-strand transfer systems that we developed appeared
to be especially useful for this type of study. Here, we have
begun our investigation of zinc finger function by examining
the effects of a mutation that changes the CCHC motifs in both
zinc fingers to SSHS. This mutation essentially eliminates the
zinc coordination sites necessary for the zinc finger conforma-
tion (35) with only a minimal change of six S atoms to six O
atoms. The mutant protein is referred to as SSHS NC. Our
results indicate that the zinc fingers facilitate maximal removal

of the tRNA primer in plus-strand transfer. In addition, the
zinc fingers contribute to the dramatic stimulatory effect of NC
on minus-strand transfer and are required for efficient anneal-
ing of the complementary R regions and for blocking self-
priming reactions.

MATERIALS AND METHODS

Materials. RNA and DNA-RNA oligonucleotides were purchased from Oli-
gos, Etc. (Wilsonville, Oreg.). DNA oligonucleotides for strand transfer assays
were obtained from Lofstrand (Gaithersburg, Md.) or from Oligos, Etc. DNA
oligonucleotides for site-directed mutagenesis were obtained from either Operon
Technologies, Inc. (Alameda, Calif.) or Life Technologies (Rockville, Md.) An
RNase H-minus HIV-1 RT having a point mutation changing the active site
residue Glu4783Gln (63) was the generous gift of Stuart Le Grice (HIV Drug
Resistance Program, NCI-Frederick Cancer Research and Development Center,
Frederick, Md.). The MacVector program was purchased from the Oxford Mo-
lecular Company (Oxford, England).

Preparation of wild-type and SSHS NC proteins. (i) Wild-Type NC. Recom-
binant wild-type NC (55-amino-acid form) was expressed and purified as de-
scribed previously (78).

(ii) SSHS NC. The Cys153Ser Cys183Ser Cys283Ser Cys363Ser Cys393Ser
Cys493Ser (SSHS/SSHS) mutant, in the context of the pNL4-3 sequence (1;
GenBank accession no. M19921) was prepared as follows. A subclone (pRB581,
SSHC/SSHC) was prepared by ligating the 503-bp SpeI-ApaI fragment (contain-
ing the Cys153Ser Cys183Ser mutations) and the 419-bp ApaI-BclI fragment
(containing the Cys363Ser Cys393Ser mutations) into the SpeI and SalI re-
striction sites of the pBluescript KS(1) phagemid vector (Stratagene, La Jolla,
Calif.). The inserted fragments were derived from the Cys153Ser Cys183Ser
and Cys363Ser Cys393Ser full-length proviral clones that were reported pre-
viously (34). pRB581 was mutated in two successive steps using the Quick
Change site-directed mutagenesis system (Stratagene) changing Cys283Ser and
then Cys493Ser. The Cys283Ser mutation was performed using oligonucleo-
tides 2549 (59ACA TAG CCA AAA ATT CCA GGG CAC CTA G-39; the 59
end corresponds to nt 1988 in the sequence of pNL4-3 [1]) and Z3414D08
(59-CTA GGT GCC CTG GAA TTT TTG GCT ATG T-39; the 59 end corre-
sponds to nt 2015 of the complementary sequence of the pNL4-3 [1]). The
Cys493Ser mutation was introduced using oligonucleotides Z3414D06 (59-CCA
AAT GAA AGA TTC TAC TGA GAG ACA GG-39; the 59 end corresponds to
nt 2052 in the sequence of the pNL4-3 [1]) and Z3414D07 (59-CCT GTC TCT
CAG TAG AAT CTT TCA TTT GG-39; the 59 end corresponds to nt 2080 of the
complementary sequence of the pNL4-3 [1]). The resulting plasmid subclone,
termed pDB589, containing the SSHS/SSHS mutation was used to generate the
recombinant NC expression plasmid as follows. The gene coding for the mutant
NC protein (55-amino-acid form) was amplified by PCR from pDB589 using the
sense primer 4658-333 and the antisense primer 4658-356; the PCR product was
cloned into the pET32a vector (Novagen, Madison, Wis.), and the NC protein
was isolated and purified as described previously (10). All mutations were veri-
fied using the ABI Prism Big Dye Terminator Cycle Sequencing Ready Reaction
kit and an ABI 373 automated sequencer with the upgraded Big Dye filter wheel
(PE Applied Biosystems, Foster City, Calif.).

Construction of the full-length HIV-1 clone containing the SSHS/SSHS mu-
tation in NC. For preparation of the full length HIV-1 proviral clone containing
coding regions for the SSHS/SSHS NC zinc fingers, pDB589 (see above) was cut
with the restriction endonucleases SpeI and SalI. The 4,278-bp SpeI/SalI frag-
ment containing the sequences coding for the SSHS/SSHS mutation in the zinc
fingers was then subcloned into the homologous sites of pNL4-3 (1) to create the
plasmid pDB653.

Analysis of HIV-1 virions containing the SSHS/SSHS mutation in the NC
domain of Gag. The pNL4-3 and pDB653 plasmid constructs were transfected
into 293T cells as previously described (29, 32). Virus-containing supernatant
fluids were clarified by low-speed centrifugation. Samples were taken for RT
assays and activities were determined as described earlier (32). The procedures
for Western and Northern blot analyses are given in reference 28. Infectivity was
determined using either CD4-producing HeLa cells containing a long terminal
repeat (LTR)–b-galactosidase construct (HCLZ) (30) or AA2-clone 5 cells (32).
Viral DNA was isolated from AA2-clone 5 cells infected with the mutant and
wild-type viruses as described earlier (3). PCR analysis of 2-LTR-circularized
viral DNA species was performed as described previously (25, 32).

Analysis of complete primer removal. The assay system models the step in
which RNase H cleavage has already removed one base from the 39 terminus of
tRNA3

Lys, leaving a 39 rA attached to the 59 end of minus-strand DNA (11) and
measures formation of the plus-strand 80-nt transfer DNA product (77). Assay
conditions, separation of the DNA products by gel electrophoresis, and Phos-
phorImager analysis of the gel data are described in detail by Wu et al. (77). Note
that the chimeric DNA-RNA oligonucleotide and the 17-nt RNA were added in
fivefold excess of the amount of (1) SSDNA to ensure complete annealing of
(1) SSDNA to these two reactants (77); wild-type or SSHS NC was then added
to reaction mixtures prior to addition of wild-type or RNase H-minus (63) RT
(77). Reactions were initiated by addition of MgCl2 and deoxyribonucleotide
triphosphates (77). Both the plus- and minus-strand 80-bp DNA was synthesized;
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however, only the plus-strand was detected, since 59 32P-labeled (1) SSDNA was
used for the reaction.

Annealing reactions. For plus-strand annealing, the reactants were 59 32P-
labeled (1) SSDNA (50 nt) and minus-strand acceptor DNA (48 nt). Annealing
of the complementary 18-nt PBS sequences in each of the reactants was per-
formed in the presence of NC, as described in reference 77 for annealing alone.
Unannealed labeled (1) SSDNA and the labeled DNA duplex were separated by
electrophoresis in 6% polyacrylamide gels, and the amounts of the unannealed
and annealed DNAs were quantified by using a PhosphorImager (Molecular
Dynamics) and ImageQuant software. Minus-strand annealing reaction mixtures
containing 59 32P-labeled (2) SSDNA (131 nt) and acceptor RNA (148 nt) were
incubated with NC and analyzed according to procedures given in Guo et al. (37),
except that 7.5% polyacrylamide gels rather than agarose gels were used to
separate unannealed labeled (2) SSDNA and the labeled RNA-DNA hybrid.

Complete minus-strand transfer system. The components present in reaction
mixtures, incubation conditions, and analysis of DNA products are given in Guo
et al. (36). Note that the short DNA oligonucleotide, which primes synthesis of
(2) SSDNA in this system, was labeled with 32P at its 59 end, as described in
reference 38.

RESULTS

SSHS mutant NC protein. NC plays an essential role in
HIV-1 minus-strand (2, 8, 17, 18, 20, 36, 42, 58, 61, 79) and
plus-strand (5, 77) DNA transfer. To investigate the question
of NC zinc finger function in these reactions, we constructed a
clone expressing an NC protein in which the three cysteines in
each zinc finger were changed to serine, i.e., the six S atoms in
the zinc coordination sites in NC were replaced by six O atoms
(see Materials and Methods). This is the smallest change that
can be made in NC that will essentially destroy the metal ion
binding sites, while still allowing retention of neighboring res-

idues such as certain basic and aromatic amino acids, which are
also important for HIV-1 NC nucleic acid binding (13, 15, 64,
74, 76). This mutation also prevents disulfide bond formation,
which can occur when less than six cysteine residues are mod-
ified (12).

Effect of wild-type and SSHS NC proteins on complete re-
moval of the tRNA3

Lys primer from minus-strand donor DNA.
In previous work with a reconstituted HIV-1 plus-strand trans-
fer system, we demonstrated that synthesis of the 80-bp strand
transfer product is dependent on the removal of 9 nt from the
39 end of tRNA3

Lys: (i) initial RNase H cleavage of the 39 rA
and (ii) the removal of an additional 8 nt by secondary RNase
H cleavage and/or the nucleic acid chaperone activity of NC
(77). To investigate the effect of replacing the cysteine residues
in the two zinc fingers of NC on complete primer removal, we
used a model system that mimics the step in which RNase H
has already cleaved the 39 rA (references 11 and 77 and ref-
erences therein) from the 18 nt sequence at the 39 end of
tRNA3

Lys (Fig. 1A) (77). In this system, the readout is synthesis
of the 80-bp transfer product: primer removal is followed
by annealing of (1) SSDNA to acceptor DNA (Fig. 1A)
and subsequent elongation of plus- and minus-strand DNA.
As described in Materials and Methods, 59 32P-labeled (1)
SSDNA was annealed to the chimeric DNA-RNA oligonucle-
otide and the 17-nt RNA; wild-type or mutant NC was then
added, followed by the addition of either wild-type or RNase
H-minus (63) RT. The amount of labeled plus-strand 80-nt
transfer product was quantified by PhosphorImager analysis of

FIG. 1. Effect of HIV-1 wild-type and SSHS NC proteins on complete removal of the tRNA primer from (2) strand DNA in reaction mixtures containing wild-type
or RNase H-minus (63) RTs. (A) Nucleic acid strand transfer intermediates present in the reaction mixtures. The minus-strand donor DNA template (32 nt) is shown
with a single rA attached at its 59 end; a 17-nt RNA representing the 17 bases remaining at the 39 end of the tRNA3

Lys primer after the initial RNase H cleavage, 59
32P-labeled (1) SSDNA (50 nt), with the radiolabel indicated by an asterisk, and the minus-strand acceptor DNA template (48 nt) are also shown. (1) SSDNA and
the minus-strand donor and acceptor DNAs are represented by filled and open rectangles, respectively; the RNA segments (rA and the 17-nt oligonucleotide) are
indicated by narrow filled rectangles. This portion of the figure is taken from Fig. 7A in reference 77. (B and C) Primer removal in reaction mixtures containing
increasing concentrations of wild-type (B) or SSHS (C) NC proteins. The amount of the plus-strand 80-nt transfer product (as determined by PhosphorImager analysis
of gel data) is plotted against NC concentration. Reactions with RNase H-minus RT (RT H2) are shown in the upper panels, while those containing wild-type RT (RT
H1) are shown in the lower panels. The open and solid bars represent results with RNase H-minus and wild-type RTs, respectively.
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gel data. [Since only (1) SSDNA is labeled in this experiment,
the minus-strand 80-nt transfer product is not detected.]

Figure 1B shows the results obtained from reactions with
wild-type NC and mutant or wild-type RT (upper and lower
panels, respectively). In accord with our earlier findings (77),
the presence of wild-type NC made it possible to synthesize the
strand transfer product in the absence of RNase H activity
(upper panel). (In the absence of NC and RNase H activity,
strand transfer did not occur [Fig. 1B, upper panel; references
5, 65, and 77]). However, if both wild-type NC and wild-type
RT were added to the reaction, in effect mimicking in vivo
conditions, the amount of strand transfer was stimulated by
severalfold (lower panel).

A rather different picture emerged from analysis of reactions
containing SSHS NC and mutant or wild-type RT (Fig. 1C,
upper and lower panels, respectively). In the presence of mu-
tant NC, the amount of transfer product made was indepen-
dent of the ability of RT to catalyze RNase H cleavage. More-
over, the data in Fig. 1C were virtually identical to the results
obtained under conditions where wild-type NC was present
together with RNase H-minus RT (Fig. 1B, upper panel).

Taken together, the data of Fig. 1 suggest that to maximize
complete removal of the tRNA primer, both the presence of
the zinc finger structures of NC and the RNase H activity of
RT are required.

Effect of wild-type and SSHS NC proteins on the annealing
reactions in plus- and minus-strand transfer. We have previ-
ously shown that NC stimulates annealing of the complemen-
tary PBS sequences in (1) SSDNA and minus-strand acceptor
DNA during HIV-1 plus-strand transfer (77). In principle, it is
possible that the effect of the zinc fingers observed in the
primer removal experiment (Fig. 1) actually reflects an enhanc-
ing effect on annealing and not on primer removal per se. (In
our system, elongation is not affected by NC [77].) It was
therefore of interest to examine the effect of the SSHS muta-
tion on this annealing reaction. The amount of 59 32P-labeled
(1) SSDNA hybridized to minus-strand acceptor DNA was
determined as described in Materials and Methods; the NC
concentration was 0.28 mM. Note that the short dashed line at
the bottom of Fig. 2A-1 represents annealing in the absence of
NC (77).

Both wild-type and mutant NCs had a marked stimulatory
effect on the rate and extent of annealing, and the annealing
curves were almost superimposable (Fig. 2A-1). Replotting the
data in Fig. 2A-1 as semilogarithmic plots (Fig. 2A-2) indicated
that the plots show curvature, as previously reported for this
system (77) and as is typical for most annealing reactions
(reference 21 and references therein). In this experiment, the
half-life (t1/2) values for the overall reaction were calculated to
be 8.2 and 10 min for the reactions with wild-type and SSHS

FIG. 2. Effects of the zinc fingers on the kinetics of NC-facilitated annealing reactions required for HIV-1 plus- and minus-strand transfer. Annealing was performed
as described in Materials and Methods. Reactions were incubated for the indicated times with wild-type or SSHS NC proteins. (A) Plus-strand transfer annealing
reactions. The concentration of NC in the reaction mixtures was 0.28 mM. (A-1) The percentage of total (1) SSDNA annealed was plotted against the time of
incubation. (A-2) The data in panel A-1 were replotted as semilogarithmic plots of the percentage of unannealed (1) SSDNA versus the time of incubation. (B)
Minus-strand transfer annealing reactions. (B-1) The NC concentration in the reaction mixtures was 1 mM. The percentage of total (2) SSDNA annealed was plotted
against the time of incubation. (B-2) The data in panel B-1 and the data from an independent experiment were replotted as semilogarithmic plots of the percentage
of unannealed (2) SSDNA versus the time of incubation. Symbols: solid diamonds, solid lines, wild-type NC; open squares, dashed lines, SSHS NC. The short dashed
lines in panels A-1 and B-1 represent annealing in the absence of NC and are based on data in references 77 and 37, respectively.
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NC proteins, respectively. Calculation of the initial rates gave
even closer t1⁄2 values: 6.2 min for wild-type NC and 6.8 min for
SSHS NC (data not shown). At a lower NC concentration (0.14
mM), the mutant NC was still as active as the wild-type protein
(data not shown).

The data presented in Fig. 2A-1 and A-2 demonstrate that
maintaining the CCHC motif in both zinc fingers of HIV-1 NC
is not a requirement for promoting the annealing of the com-
plementary PBS sequences in the plus-strand transfer interme-
diates. Moreover, these findings lead to the conclusion that the
results in Fig. 1 reflect a direct effect of the zinc finger struc-
tures on the primer removal step.

A similar experiment was performed to determine the effect
of the cysteine-to-serine substitution on the annealing reaction
that occurs during HIV-1 minus-strand transfer, i.e., annealing
of the complementary R sequences in (2) SSDNA and the 39
end of viral RNA. (Note that in our constructs, R contains the
entire TAR sequence [36].) The amount of 59 32P-labeled (2)
SSDNA hybridized to plus-strand acceptor RNA was deter-
mined using the conditions described in Materials and Meth-
ods. For comparison, data obtained for annealing in reactions
without NC are represented in Fig. 2B-1 by a short dashed line
(37).

In the presence of wild-type NC, annealing proceeded much
faster than it did with SSHS NC: the wild-type reaction was
essentially complete by ;5 min, whereas, it took ;40 min for
SSHS NC-catalyzed annealing to reach a plateau level. How-
ever, the extent of annealing was approximately the same for
both proteins (Fig. 2B-1). In this case, the semilogarithmic
plots were linear (Fig. 2B-2; references 37 and 79), reflecting
pseudo first-order kinetics (79). The t1⁄2 values for the wild-type
and SSHS reactions, calculated from the plots shown in Fig.
2B-2, were 1.1 and 8.9 min, respectively. This indicates that
wild-type NC catalyzed annealing at a rate 8-fold greater than
that observed in the reaction with SSHS NC.

Thus, in contrast to the data for plus-strand annealing (Fig.
2A-1 and A-2), the results of Fig. 2B-1 and B-2 demonstrate
that the presence of the two CCHC motifs has a major impact
on annealing in minus-strand transfer.

Requirement for zinc finger structures to inhibit self-prim-
ing in the complete minus-strand transfer system. The obser-
vation that the zinc finger structures facilitate annealing in
minus-strand transfer (Fig. 2B) led us to investigate whether
zinc coordination plays a role in the ability of NC to reduce
self-priming from (2) SSDNA (8, 36, 44). To approach this
question, we tested the effects of wild-type and SSHS NC
proteins on minus-strand transfer in the complete HIV-1 re-
constituted system (36).

Figure 3A illustrates gel analysis of reactions containing
increasing concentrations of wild-type and mutant NC pro-
teins. In agreement with previous findings (36), inspection of
the gel shows that synthesis of the strand transfer product (T)
was greatly stimulated by wild-type NC (lanes 2 to 6) compared
to the amount made in the absence of NC (lane 1). In addition,
wild-type NC significantly reduced synthesis of SP DNAs. By
contrast, SSHS NC promoted low levels of strand transfer and
was unable to effectively inhibit self-priming (lanes 7 to 11).

Quantification of the gel data by PhosphorImager analysis
confirmed these observations. Figure 3B shows that the pres-
ence of wild-type NC dramatically increased synthesis of the
strand transfer product in a dose-dependent manner (;32-fold
with saturating levels of NC); synthesis reached a plateau at
;1.6 mM NC (1.75 nt/NC). However, in the presence of SSHS
NC, the increase in synthesis of the strand transfer product was
;6-fold at the highest NC concentration tested (3.2 mM, 0.88
nt/NC). In the linear portion of the curves, e.g., at concentra-

tions of 0.4 and 0.8 mM, stimulation of strand transfer was
;8-fold greater with wild-type NC. The reactions were also
analyzed for the synthesis of SP products (Fig. 3C). As ex-
pected (36), increasing concentrations of wild-type NC greatly
reduced the amounts of SP DNAs that were made. The SSHS
NC protein had almost no effect on self-priming and, in re-
peated experiments, only a slight reduction in synthesis of SP
products was observed.

The results presented above demonstrate that zinc coordi-
nation is required for two crucial aspects of NC activity in
minus-strand transfer: (i) to promote efficient annealing (Fig.
2B) and (ii) to inhibit self-priming (Fig. 3A and C). Thus, a
mutant such as SSHS NC, lacking zinc finger structures, has
only a small stimulatory effect on the overall minus-strand
transfer reaction (Fig. 3A and B).

Analysis of HIV-1 virions with the SSHS mutation in both
zinc fingers. The results from the in vitro experiments de-
scribed above suggested that virions with the SSHS/SSHS mu-
tation in the NC domain of Gag would be defective. To inves-
tigate this possibility, virus particles were harvested and
characterized in a number of different assays. Western blot
analysis showed that the protein band patterns of the mutant
virus were indistinguishable from those of the wild-type. In
both cases, CA protein (p24CA) was clearly visible, indicating
that the viral protease was expressed and could catalyze nor-
mal cleavage of the Gag precursor (data not shown). Addi-
tional results are summarized in Table 1. The ratios of p24CA

to RT activity were similar for the mutant and wild-type vi-
ruses. The full-length genomic RNA content of the mutant,
determined by Northern blot analysis, was ,10% of the wild-
type virus, a result comparable to findings we reported for
similar mutants of HIV-1 (34). In addition, the mutant was
replication defective in assays utilizing HCLZ (30) and AA2-
clone 5 cells, which measure infectivity in single- and multiple-
rounds of replication, respectively. Analysis of 2-LTR-circular-
ized viral DNA species showed that the expected 170-bp PCR
product (25, 32) was easily detected in DNA from cells in-
fected with the wild-type virus but was not observed in DNA
obtained from cells infected with the mutant.

These results demonstrate that SSHS/SSHS mutant virions
are noninfectious and have defects in synthesis of 2-LTR cir-
cular viral DNA as well as in viral RNA packaging.

DISCUSSION

The goal of the present study was to develop an in vitro assay
for zinc finger function during HIV-1 DNA synthesis and, in
particular, to investigate the question of whether zinc coordi-
nation facilitates steps associated with HIV-1 minus- and plus-
strand transfer. Our approach was to exploit reconstituted
systems that model strand transfer events occurring during
virus infection (36, 77) and to compare the activities of wild-
type NC and a mutant, termed SSHS NC, having all of the
cysteine residues in the zinc fingers changed to serine. This
mutation involves a minimal change in NC, since the only
sequence change results from replacement of the six S atoms
with six O atoms. However, the mutation drastically reduces or
eliminates the ability of the protein to bind zinc and effectively
destroys the zinc finger structures (35) that are normally part
of the wild-type protein. The results demonstrate that catalysis
of reactions involving highly structured nucleic acid strand
transfer intermediates is dependent on the presence of the zinc
coordinating residues in NC.

During HIV-1 plus-strand transfer, initial RNase H cleavage
of the rA at the 39 terminus of the tRNA3

Lys primer (11) is not
sufficient to achieve complete removal of the tRNA from mi-
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nus-strand DNA (5, 65, 77). tRNA removal is most efficient
when both RNase H and NC activities are present (77). In this
report we show that, unlike the situation with wild-type NC,
the extent to which SSHS NC promotes primer removal is
independent of whether there is concomitant RNase H cleav-
age and does not reach the level obtained with both RNase H
and wild-type NC (Fig. 1). These data lead to the conclusion
that the zinc fingers facilitate maximal removal of the tRNA
primer.

It has been proposed that RT and NC form a complex that
is dependent upon the zinc finger structures in NC (23, 47)
and, more specifically, that such a complex may involve zinc-
finger dependent (23) NC interactions (9, 58) with the RNase
H domain. Under the conditions of our experiments, however,
we have not been able to detect changes in RNase H cleavage

FIG. 3. Effect of HIV-1 wild-type and SSHS NC proteins on minus-strand transfer and self-priming. (A) Gel analysis. Reaction mixtures were incubated with
increasing amounts of wild-type (lanes 2 to 6) or SSHS (lanes 7 to 11) NC proteins for 30 min at 37°C, according to the procedures given in Guo et al. (36) for the
complete minus-strand transfer system. The DNA products were separated by gel electrophoresis in a 6% sequencing gel (36). The concentrations of NC were as
follows: lane 1, no NC; lanes 2 and 7, 0.4 mM; lanes 3 and 8, 0.8 mM; lanes 4 and 9, 1.6 mM; lanes 5 and 10, 2.4 mM; and lanes 6 and 11, 3.2 mM. The positions of the
primer (P), (2) SSDNA, SP products (SP), and the transfer product (T) are indicated. (B and C) PhosphorImager analysis. The gel data shown in panel A were
quantified by PhosphorImager analysis, as previously described (36). The concentrations of transfer product (B) and SP products (C) are plotted against NC
concentration. Symbols: solid diamonds, solid lines, wild-type NC; open squares, dashed lines, SSHS NC.

TABLE 1. Properties of the SSHS/SSHS mutant
and wild-type virusesa

Sample RT activity
(cpm/ml)

p24CA

(ng/ml)b
RNA content
(% of WT)

HCLZ titer
(foci/ml)

AA2-
clone 5 titer
(TCID/ml)

Controlc 0 0 0 ,100

Mutant 5.2 3 106 20 ,10 0 ,100

WT 4.7 3 107 276 100 1.3 3 105 106

a WT, wild type; HCLZ (30); TCID, tissue culture infective dose.
b Measured using the p24CA antigen capture kit and procedures obtained from

the AIDS Vaccine Program’s Biological Products Laboratory, SAIC–Frederick,
National Cancer Institute–Frederick Cancer Research and Development Center.

c Supernatant from cells transfected with sheared salmon sperm DNA used for
mock infection.
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in either minus-strand (37) or plus-strand (77) transfer in the
presence of wild-type NC. In our earlier work, we showed that
NC can catalyze destabilization of the 17-nt RNA-DNA hybrid
remaining after the initial RNase H cleavage event (77). This
hybrid is quite stable: using the MacVector program with spec-
ification of our salt conditions and the sequence at the 39 end
of tRNA3

Lys to calculate the predicted Tm of the hybrid, we
obtained a value of 67.5°C. The present results suggest that to
fully unfold the structure formed by the hybrid, NC function
must include zinc coordination as well as ionic interactions
contributed by the basic residues of the protein.

In addition to facilitating primer removal, NC stimulates
annealing of the complementary 18-nt PBS sequences at the 39
termini of (1) SSDNA and minus-strand DNA during plus-
strand transfer (77). Both wild-type and SSHS NC proteins
have equivalent activity in the annealing assay and there is no
requirement for zinc coordination (Fig. 2A-1 and A-2). In
minus-strand transfer, however, the rate of annealing of the
complementary R regions in (2) SSDNA and 39 acceptor
RNA is ;8-fold higher with wild-type NC than it is with SSHS
NC (Fig. 2B-1 and B-2). This finding was unexpected. Al-
though it has been reported that the zinc fingers are required
for primer tRNA placement in vitro (60), results from other
studies (e.g., references 43 and 45) have indicated that the
presence or absence of the zinc finger structures or omission of
zinc in the reactions (21) has no effect on the ability of NC to
stimulate RNA-DNA hybrid or DNA duplex formation in
vitro.

You and McHenry (79) suggested that the unusual pseudo
first-order kinetics of the minus-strand annealing reaction (Fig.
2B-2) (37, 79) are due to the fact that NC-catalyzed unfolding
of TAR is the rate-limiting step. The current data further
suggest that the zinc fingers play a crucial role in kinetic rear-
rangements of the ternary complex formed by the highly struc-
tured RNA and DNA strands with NC; ultimately, this process
culminates in formation of a thermodynamically stable RNA-
DNA hybrid. Although the 18-nt minus-strand PBS DNA can
form a stable hairpin that is destabilized by NC (41), it is not
as structured as the TAR stem-loop and has a much lower Tm.
This finding may explain why the ability of NC to coordinate
zinc does not seem to be necessary for NC-catalyzed annealing
of the complementary PBS sequences. Thus, the results of the
plus- and minus-strand annealing assays suggest that the con-
tribution of the zinc fingers correlates with the degree of struc-
tural complexity of the strand transfer intermediates.

Further evidence for zinc finger function in minus-strand
transfer was obtained when we examined the overall reaction
in the complete system (36). As expected, we found that wild-
type NC dramatically inhibits self-priming from (2) SSDNA
(Fig. 3A and C). However, SSHS NC is essentially unable to
block these dead-end reactions (Fig. 3A and C). These obser-
vations are consistent with the finding that SSHS NC stimu-
lates synthesis of the strand transfer product to a significantly
lower extent than wild-type NC (Fig. 3A and B).

Previous reports on zinc finger function in overall HIV-1
minus-strand transfer (17, 39a) and annealing of the comple-
mentary R regions (39a, 45) differ from the results presented
here (Fig. 3 and Fig. 2B-1 and B-2, respectively). In the earlier
work, little (17) or no (39a) reduction in minus-strand transfer
could be detected when reactions contained a synthetic 72-
amino-acid version of HIV-1 NC that was missing both zinc
fingers. Possible differences in the structures of a zinc finger
deletion mutant of the 72-amino-acid protein and a 55-amino-
acid mutant having only a change in the zinc coordinating
residues of NC could contribute to the different findings. It is
also possible that differences in the ionic conditions are re-

sponsible for the discrepancy in the results. The earlier exper-
iments were conducted in a lower salt environment than the
conditions used here. Low-ionic-strength conditions favor pro-
tein-nucleic acid interactions dominated by ionic interactions
between the basic residues of the protein and the nucleic acid
phosphates (74) and would tend to minimize the contributions
of the zinc finger structures. At high salt concentrations, the
electrostatic nonspecific interactions between NC and a nucleic
acid are weakened, while hydrophobic, zinc-finger sequence-
dependent interactions become more apparent (26, 74).

In addition to the in vitro studies, we have also examined the
phenotype of viral particles carrying the SSHS mutation in
both zinc fingers of the NC domain in Gag. As might be
anticipated (e.g., see reference 34), the virions were replication
defective, packaged low levels of virion RNA, and were unable
to synthesize detectable levels of 2-LTR-circularized DNA
(Table 1). HIV-1 mutants containing other alterations in the
CCHC motifs (changes to CCCC and/or CCHH) that preserve
the ability to bind zinc, are (within the limits of detection)
noninfectious, despite the fact that some of these mutants
package as much as 100% of the wild-type levels of viral RNA
(32). Moreover, these mutants have defects in synthesis of
full-length viral DNA, but the steps in reverse transcription
affected by the mutations are not known. Using our results with
the SSHS NC protein as a reference point, it will now be of
interest to determine the effect of other recombinant NC mu-
tant proteins with altered CCHC motifs in the in vitro plus-
and minus-strand DNA transfer reactions.

In conclusion, we have shown that the ability of NC to
coordinate zinc facilitates the tRNA primer removal step in
plus-strand transfer as well as annealing, reduction of self-
priming, and increased strand transfer efficiency in minus-
strand transfer. Our results suggest that the zinc fingers help to
unfold highly structured RNA and DNA strand transfer inter-
mediates and imply that in certain cases, zinc finger interac-
tions play a role in the nucleic acid chaperone activity of NC.
Finally, by identifying RT reactions dependent on zinc finger
function, this work provides an in vitro assay system to study a
role for the NC zinc fingers in the infectious process.
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8. Brulé, F., G. Bec, G. Keith, S. F. J. Le Grice, B. P. Roques, B. Ehresmann,
C. Ehresmann, and R. Marquet. 2000. In vitro evidence for the interaction of
tRNA3

Lys with U3 during the first strand transfer of HIV-1 reverse transcrip-
tion. Nucleic Acids Res. 28:634–640.

9. Cameron, C. E., M. Ghosh, S. F. J. Le Grice, and S. J. Benkovic. 1997.
Mutations in HIV reverse transcriptase which alter RNase H activity and
decrease strand transfer efficiency are suppressed by HIV nucleocapsid pro-
tein. Proc. Natl. Acad. Sci. USA 94:6700–6705.

10. Carteau, S., R. J. Gorelick, and F. D. Bushman. 1999. Coupled integration
of human immunodeficiency virus type 1 cDNA ends by purified integrase in
vitro: stimulation by the viral nucleocapsid protein. J. Virol. 73:6670–6679.

11. Champoux, J. J. 1993. Roles of ribonuclease H in reverse transcription, p.
103–117. In A. M. Skalka and S. P. Goff (ed.), Reverse transcriptase. Cold
Spring Harbor Laboratory Press, Cold Spring Harbor, N.Y.

12. Chertova, E. N., B. P. Kane, C. McGrath, D. G. Johnson, R. C. Sowder II,
L. O. Arthur, and L. E. Henderson. 1998. Probing the topography of HIV-1
nucleocapsid protein with the alkylating agent N-ethylmaleimide. Biochem-
istry 37:17890–17897.
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50. Mély, Y., N. Jullian, N. Morellet, H. De Rocquigny, C. Z. Dong, E. Piémont,
B. P. Roques, and D. Gérard. 1994. Spatial proximity of the HIV-1 nucleo-
capsid protein zinc fingers investigated by time-resolved fluorescence and
fluorescence resonance energy transfer. Biochemistry 33:12085–12091.

VOL. 74, 2000 ZINC FINGER FUNCTION IN NC-DEPENDENT STRAND TRANSFER 8987
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